In this work, the production of Syngas (H 2 /CO) from oxidative reforming of methane (ORM) and partial oxidation of methane (POM) over NiO/Y 2 O 3 /ZrO 2 catalysts was studied. e nickel concentration was varied (ranging from 0 to 40 wt.%) aiming to optimize the performance in ORM and POM reactions; these reactions were carried out at 750°C and 1 atm for 6 hours. e catalysts were prepared by the one-step polymerization method (OSP) and characterized by different techniques. is method led to production of materials of smaller crystallite size than others of similar composition prepared under other methods; the catalysts presented good nickel dispersion, well-defined crystalline structure, and well-defined geometrical morphology. Additionally, the OSP method was advantageous because it was carried out in a single calcination step. e catalyst containing 20% wt. of nickel (20Ni20YZ sample) showed the highest methane conversion, high selectivity to H 2 and CO, low carbon deposition rates, and, curiously, the best geometric morphology. e results of this paper also demonstrated that the nickel concentration in the mixture strongly influenced the morphology of the catalysts; therefore, the morphology also influenced the catalytic performances during the Syngas production reactions.
Introduction
Methane is found mainly in biogas, natural gas, and shale gas. Biogas is a renewable alternative source of methane and is considered a first-generation biofuel. e production of the biogas occurs in the absence of oxygen where anaerobic bacteria break down the organic matter, producing methane and carbon dioxide as major products, and other gaseous by-products such as H 2 S, NH 3 , and H 2 , in smaller amounts [1, 2] .
Syngas (synthesis gas, a mixture of H 2 /CO) is a raw material of high value which is used as the starting material in the production of synthetic fuels such as di-methyl ether (DME), methanol, and liquid hydrocarbons (by the Fischer-Tropsch process). Biogas can be transformed into Syngas through reforming reactions as reported in the literature [2] [3] [4] [5] [6] [7] . us, the biogas can be transformed by dry reforming of methane (DRM, reaction (1)) and partial oxidation of methane (POM, reaction (2) Carbon dioxide and methane are the two principal components of biogas, and the main greenhouse gases, so its transformation into Syngas may have very beneficial results from an environmental point of view. It is known that catalysts based on noble metals corresponding to the Group VIIIB are good catalysts for reforming methane (e.g., Pt, Rh, Pd, and Ru), demonstrating high selectivity for hydrogen, high methane conversion, and low carbon deposition rates (carbon is an undesired product). e catalysts based on nonnoble metals of Group VIIIB (Ni, Co, and Fe) have shown catalytic activity in methane reforming reactions, similarly to that of noble metals based catalysts, and they are low cost; however, nonnoble metals result in high carbon deposition rates [6, 8, 9] . e actual Syngas production by industry (for hydrogen generation) is based on the steam reforming of methane (SRM, reaction (4)), which uses a nickel catalyst supported on alumina; however, nickel catalysts present problems due to carbon deposits which deactivate the catalyst (covering the active metallic sites) and moreover, its accumulation increases the reactor pressure, leading to explosion hazards. Many efforts have been directed to decrease carbon deposits [10, 11] . 
(4)
Several ways have been proposed for the formation of carbon deposits in methane reforming reactions; among them, the methane molecule cracking (reaction (5) ) and the Boudouard reaction (reaction (6) ) can lead to catalyst deactivation: e water-gas shift reaction (WGSR) is a reversible exothermic reaction, and the opposite direction is favored at high temperatures. So the reverse reaction (RWGSR, reaction (7)) is very likely to occur during methane reforming and POM reaction:
e following solutions have been proposed to minimize the carbon deposits: (a) new catalyst preparation method aiming to decrease the crystallite size of the catalytic phase [7, 12, 13] , (b) the use of catalytic supports based on solid solutions with the formation of oxygen vacancies [5, 6, 9, 14] , (c) the use of hydrotalcites as catalyst precursor [15] , and (d) the addition of noble-metal promoters to the catalysts [16, 17] , among others.
Regarding to preparation methods of catalysts, Mori et al. [18] prepared NiO/YSZ catalysts (where YSZ means Y 2 O 3 -ZrO 2 solid solution) by impregnation method; the NiO content of these catalysts was 60% wt. ey reported that the average crystallite size of NiO in their NiO/YSZ catalyst was <60 nm (calculated from XRD analysis). In the same report, the NiO size for the same mixture, but prepared by the solidstate reaction method, was 7 µm. Resini et al. [19] also prepared the NiO/YSZ catalyst by impregnation method (the nickel content was 50% wt.), and reported the formation of heterogeneous morphology, as the former NiO particles showed large sizes (crystallites larger than 40 nm, according to TEM analysis), and YSZ reached approximately 5 nm.
Similarly, Bellido et al. [20] prepared the NiO/YSZ catalysts, and Y 2 O 3 -ZrO 2 support was prepared by polymerization method (Y/Z molar ratio of 12%), and the nickel was incorporated by the impregnation method, and the nickel content was 5% wt. According to them, the average crystallite size of NiO of these catalysts (calculated from the Scherrer equation) was 25.9 nm.
In our previous reports [21, 22] , we reported that the one-step polymerization method improved the catalytic activity of Co 3 O 4 /CeO 2, and NiO/MgO-ZrO 2 catalysts in the steam reforming of bioethanol and in the oxidative reform of methane, respectively. e average crystallite sizes of NiO were smaller than those reported in [18] [19] [20] , where the precipitation method was employed.
e polymerization method forms a homogeneous material with a fine dispersion of the components of the catalysts (owing to the atomistic distribution of the metal cations during polymerization) [20] [21] [22] . In view of the referenced reports, the objective of the present paper was to study the NiO/Y 2 O 3 /ZrO 2 mixture containing various nickel contents (ranging from 0 to 40 wt.%) in the Y 2 O 3 /ZrO 2 support (Y/Z ratio of constant composition) synthesized by the one-step polymerization method (OSP method). e NiO/Y 2 O 3 /ZrO 2 catalysts were characterized and tested in the oxidative reform of methane (ORM) and in the partial oxidation of methane (POM). In this paper, we report the optimal nickel concentration (wt.%) for a good catalytic performance in the ORM and POM reactions, and additionally, we found that (under OSP method) the nickel concentration led to catalysts with different morphologies (clear and well defined forms). Among other factors, such as crystalline structure, nickel charge, metallic dispersion, and surface area; the morphology of each catalyst influenced the catalytic performance in the reactions studied.
Methodology

Preparation of Catalysts.
e catalyst preparation method in this study was the one-step polymerization method. In this method, the ability of the organic hydroxycarboxylic acids (citric acid in this case) to chelate with most cations was used. Ethylene-glycol (a polyhydric alcohol), when added to the chelate with adequate heating, leads to the formation of a polyester due to successive condensation reactions between the alcohol and the acid chelate. e polymerization method has been used by several researchers due to the high homogeneity of the material produced, compared to precipitation, coprecipitation, and impregnation methods [20, 21, 23] . In this sense, the present study used the one-step polymerization method, where the support precursor and the catalytic phase were mixed together (in a single step). e catalysts were prepared by the one-step polymerization method using Ni(NO 3 ) 2 ·6H 2 O, Zr(CO 3 ) 2 ·1·5H 2 O, Y (NO 3 ) 3 ·6H 2 O, citric acid, and ethylene-glycol, in accordance with the method described in the literature [5, 20, 22] . e salts of the catalyst precursor were previously dissolved (carbonate in nitric acid and nitrates in water). In this method, the precursor salts were dissolved, respectively, and mixed together forming a single solution. is solution was added to the mixture composed of ethylene-glycol and citric acid in the proportion of 1 mol of Zr per 3 mol of citric acid and a mass ratio of 60 : 40 between the citric acid and ethylene-glycol.
e resulting solution produced a translucent resin. e polymerization process occurred at 120°C for 12 hours. After obtaining the polymers, they were subjected to calcination in two consecutive stages: first, under air flow at 500°C (5°C·min
) for 3 h and second, under the same air flow but at 750°C (5°C·min
) for 2 h. e resulting materials were powdered in a porcelain mortar and pestle.
e Y 2 O 3 content was kept constant at 20 mol% relative to ZrO 2 . e nickel content was varied as follows: 0%, 10%, 20%, and 40% relative to the total weight of the catalyst. e catalysts were named 20YZ, 10Ni20YZ, 20Ni20YZ, and 40Ni20YZ according to the percentage of Ni in the total catalyst weight. e catalyst 20YZ corresponds to the pure catalytic support (without nickel, Ni 0%).
Characterization of the Catalysts.
e crystalline phases were identified by X-ray diffraction analysis (XRD) in a Rigaku Multiflex diffractometer (30 kV, 10 mA), in the 2θ � 5-80°range and speed 2°min −1 using Cu-K α radiation (λ �1.5406Å), and the diffraction patterns were identified by comparison with the database of the International Centre for Diffraction Data (JCPDS). e average crystallite sizes were determined from XRD line-broadening measurements using the Scherrer equation [24] : d � k·λ/(β hkl ·cosθ), where d is the average crystallite size, k is the shape factor, taken as 0.89, λ is the wavelength of CuKα radiation, β hkl is the full width at half maximum (FWHM) of the particular peak, and θ is Bragg's angle.
In the temperature programmed reduction analyzes (TPR), 100 mg of catalysts were used, a gas mixture of 1.96% H 2 /Ar with a flow of 30 mL·min −1 and a heating rate of 5°C min −1 up to a temperature of 1000°C. e surface area measurements were performed on a Quantachrome Nova 1200 equipment, and the results of nitrogen adsorption were treated according to the BET method.
e analysis by SEM-EDX was particularly suitable for the study of the morphology of solids. For this analysis, a small amount of the fresh catalyst was placed in isopropyl alcohol to form a suspension. e suspension was dropped slowly onto an aluminum plate to obtain maximum dispersion of the powder in the sample holder. e apparatus used consists of LEO-440 electron microscope with Oxford detector operating at 20 kV electron beam. For each analysis, the samples were sputter-coated with gold.
e in situ XRD analyzes were carried out using a diffractometer (Huber) in the Brazilian Synchrotron Light Laboratory (LNLS) in Campinas, Brazil, in the D10B-XPD light-line.
e wavelength used for each analysis was 1.5406Å. Each analysis explored the region of 2θ � 25-70°.
e catalyst was placed in a sample holder in a temperature programmable oven. In this system, the catalysts were placed in contact with the respective flow gas: N 2 under ambient conditions and H 2 reduction condition, so that the first XRD pattern was obtained under ambient temperature in a N 2 stream (100 mL·min −1 ) and the second was collected on the reduced catalyst with H 2 (5% H 2 /He, 50 mL·min −1 ) at a temperature of 800°C.
Catalytic Tests.
e catalytic tests were carried out in a fixed-bed down-flow reactor (internal diameter � 10 mm) with 100 mg of catalyst. Before each reaction, the catalysts were reduced at 800°C for 1 h, under flowing H 2 (30 mL·min −1 ). e sample was then brought to the reaction temperature (750°C for all reactions conditions) under pure N 2 flow. e catalysts were tested under two conditions:
(a) Oxidative reforming of methane (ORM): the feed was a mixture of gases (60% CH 4 and 40% CO 2 ) and synthetic air (O 2 : 21%, N 2 : 79%) reaching a molar ratio of 1.5CH 4 : 1CO 2 : 0.25O 2 , giving a total flow of 107 mL·min −1 , inside the reactor. e conversion of CH 4 and CO 2 was calculated, respectively, as
where R is the molar flow rate (mol·min
) of CH 4 or CO 2 . e selectivity was calculated as
where "R i " is the molar flow rate (mol·min −1 ) of the product (H 2 or CO).
(b) Partial oxidation of methane (POM): the feed was a mixture of gases in molar proportion of 2CH 4 : 1O 2 , stoichiometric for the POM, giving a total flow of 107.3 mL·h −1 . Oxygen was added as synthetic air (79% N 2 , 21% O 2 ). e CH 4 conversion was calculated as
) of CH 4 . e selectivity was calculated as
where "R i " is the molar flow rate (mol·min −1 ) of the product (H 2 or CO or CO 2 ).
Carbon deposition was determined as the apparent gain in mass of the catalyst after each reaction (mmol·C·h −1 ). e gaseous reactants and products were analyzed on a gas chromatograph (Varian, Model 3800), in line with the catalytic unit test. e chromatograph includes two thermal conductivity detectors and 13X molecular sieve packed columns (this column uses N 2 as carrier for analysis of H 2 International Journal of Chemical Engineeringgas) and Porapak N (this column uses He as the carrier for the analysis of CO 2 gas, CH 4 , and CO). e reaction temperature was controlled and measured by a thermocouple inserted into the top of the catalyst bed.
Results and Discussion
Characterization of the Catalysts.
e XRD patterns of the catalysts were recorded in situ under ambient conditions and under reduction conditions in the presence of H 2 at 800°C, these results are shown in Figures 1 and 2 , respectively. Supplementary Figure 1S shows the XRD patterns of the fresh support (20YZ) and pure ZrO 2 (prepared under the same conditions as the 20YZ support); in this figure, one can observe that pure ZrO 2 presents peaks attributed to the tetragonal (T) and monoclinic (M) phase of zirconia; the Y 2 O 3 /ZrO 2 mixture in the 20YZ support led to the stabilization of the zirconia tetragonal phase.
e tetragonal phase of zirconia is stabilized due to the formation of the Y 2 O 3 -ZrO 2 solid solution in the mixture; in this solid solution, Y 3+ ions dissolved in the ZrO 2 network lead to the formation of oxygen vacancies for charge compensation effects, between Y 3+ and Zr 4+ (to maintain net neutrality in the network) [5, 9, 20] . Figure 1 presents the XRD patterns for the fresh catalysts under ambient conditions, and the average crystallite sizes (using the Scherrer equation [24] ) are shown in Table 1 . As expected, the higher nickel content in the catalysts favored the formation of larger NiO crystallites. Contrarily, the average crystallite sizes of zirconia decreased for catalysts with higher nickel content, suggesting that high nickel content (which formed larger NiO crystallites) hinders the ZrO 2 crystal growth.
e YZ mixture is constant in the composition of each catalyst. In the OSP method studied in the present paper, the precursors of Ni, Y, and Zr were dissolved before the polymerization process. During the thermal treatment of the polymers performed to obtain the solid oxides with the corresponding crystalline phase, solid reactions, combustion reactions, and crystal growth took place. erefore, we suggest that the presence of high Ni content in the catalysts hinders the crystal growth of ZrO 2 during the thermal treatment. is is similar to the finding by Denrya et al. [25] and Trusova et al. [26] who studied in detail the effect of thermal treatment on the crystal growth of solid oxides.
is might also explain the continuous decrease of the oxide catalyst surface area (Table 1) when the nickel content was increased.
e surface area values of each material are shown in Table 1 . e surface area decreased in the following order: 10Ni20YZ (30 m In Figure 2 , the reduction of NiO to Ni°can be observed; the catalysts with higher nickel content led to the formation of larger Ni°crystallites (Table 1) . It is also observed that the Ni°particles tend to sinter under reduction conditions (800°C) and form larger crystallites than their corresponding oxides (NiO) for each catalyst. e increase in crystallite size in the 10Ni20YZ catalyst shows that at this nickel concentration, the sintering is poor (when compared with the other samples with higher nickel concentration). e smallest crystallite size of Ni°and NiO was obtained in sample 10Ni20YZ (15 nm).
Mori et al. [18] reported that the average crystallite size of NiO in their NiO/YSZ catalyst (where YSZ means Y 2 O 3 -ZrO 2 solid solution) was <60 nm (calculated from XRD analysis); this catalyst was obtained by the impregnation method. is NiO size for the same mixture, but prepared by the solid-state reaction method, was 7 µm. e NiO content of these catalysts was 60% wt.
Resini et al. [19] also studied the NiO/YSZ catalyst and reported the formation of heterogeneous morphology, as the former NiO particles showed large sizes (crystallites larger than 40 nm, according to TEM analysis), and YSZ reached approximately 5 nm.
is catalyst was prepared by the impregnation method, and the nickel content was 50% wt.
Bellido et al. [20] reported the average crystallite size (calculated from the Scherrer equation) of NiO of 25.9 nm, for NiO/YSZ catalyst, Y 2 O 3 -ZrO 2 support was prepared by the polymerization method (Y/Z molar ratio of 12%), and the nickel was incorporated by the impregnation method, the nickel content was 5% wt.
Considering the average crystallite size of NiO reported in our study (Table 1 ) and compared with that obtained by Mori et al. [18] , Resini et al. [19] , and Bellido et al. [20] ; we suggest that the OSP method produced smaller crystallite size than that reached by the referred authors. Additionally, the OSP method was very practical, since the three Ni, Zr, and Y oxides were obtained in a single step, where only one calcination procedure was needed.
Similarly, Youn et al. [27] obtained a NiO/YSZ catalyst, where the catalytic support was obtained by the templating sol-gel method, and nickel was incorporated by the incipient wetness impregnation method. e nickel concentration used was 20% wt. e Ni/ZrO 2 catalyst formed Ni°with an average crystallite size of 22 nm (calculated by the Scherrer equation); however after adding Y 2 O 3 to reach the Y/Z molar ratio of 0.2 (similar molar ratio as employed in our paper for YZ support), the Ni°crystallite size reached 15 nm and the Y 2 O 3 -ZrO 2 support reached 6.4 nm.
Although Youn et al. [27] obtained smaller crystallite sizes than those obtained by our OSP method, the crystallite size values shown in Table 1 are relatively close to those of the referred study; and moreover, we prepared the catalysts using a single calcination step, where support and catalytic phase were obtained together (the referenced authors used a two-step calcination).
e estimated metal dispersion (D M ) calculated from the Ni°crystallites size [24, [28] [29] [30] is found in Table 1 . According to these values, as expected, the 10Ni20YZ sample has the highest dispersion Ni°, probably owing to the low nickel concentration in the catalyst composition and due to the OSP method employed. e lowest metallic dispersion was found for the sample with the highest nickel content (40Ni20YZ).
According to the TPR profiles of the catalysts shown in Figure 3 , a single reduction peak is observed below 550°C which was attributed to reduction of NiO in different interactions with the support.
In the 10Ni20YZ profile sample, the major part of the single NiO peak (located at interval 350°C-550°C) corresponds to NiO species weakly interacting with the YZ support. Furthermore, it is noted that increasing the nickel content produced the extension of this single peak to higher temperatures, suggesting the increase of NiO species that go to the bulk part and the increase of the interaction with the YZ support. is is reasonable, since Ni 2+ and Y 3+ can form the NiO-Y 2 O 3 solid solution at 750°C in the presence of air, as was described in our previous report [5] . e two peaks located above 550°C correspond to the reduction of surface oxygen atoms located in the close vicinity of the oxygen vacancies of the support 20YZ [18, 22, 27] .
Figures 4-6 show SEM images of the fresh catalysts; it was also possible to map the Ni and Zr elements for each SEM image by energy-dispersive X-ray spectroscopy (EDXmapping for Ni and Zr are shown in Supplementary  Figures S2-S4 ). Figure 4 shows that the 10Ni20YZ catalyst morphology presents irregularly shaped particles (agglomerate species) that are repeated on the surface. According to the mapping on this region of the sample (Supplementary Figure S2) , the major composition of these agglomerates is Zr (the Y mapping image was very similar to Zr). Additionally, according to the Ni mapping of 10Ni20YZ catalysts (Supplementary Figure S2) , the small agglomerates with diameter size ranging from 1 to 3 µm (some indicated with green circles in Figure 4 ) are mainly composed of Ni. ese analyses suggest that the low nickel content (10%) led to a good dispersion of NiO particles on the surface of the solid solution Y 2 O 3 -ZrO 2 (YZ support). Figure 5 shows the image of the 20Ni20YZ catalyst obtained by SEM analysis. e morphology of this catalyst shows the formation of a solid in the cubical form. According to the mapping in this region (Supplementary Figure S3) , the cube-form solid is primarily formed by Zr (the Y mapping image was very similar to Zr), and the small spheres around 3 µm in diameter (well-formed) on the surface of the cube are composed principally of Ni. Figure 6 shows the SEM image of the 40Ni20YZ catalyst. In this gure, the formation of two cube-shaped solids (named YZ in the gure) with agglomerated particles in their close vicinity, in almost the entire region of the image shown, can be clearly observed. According to the mapping in this region (Supplementary Figure S4) , the two cube-shaped solids (YZ) are principally composed of Zr (the image of Y mapping was very similar to that of Zr), and the agglomerate particles in their vicinity are principally composed of Ni (named as NiO in the Figure 6 ). ese results suggest that the large amount of nickel in the 40Ni20YZ catalyst composition led to the formation of many agglomerated NiO particles, thus resulting in poor dispersion of the active phase on the catalyst support.
e NiO particle dispersion located in di erent regions of each catalyst, presented in the SEM images, followed the same trend as that found for the estimated metallic dispersion (Table 1 ; after reduction of the catalysts with H 2 ); in this context, 10Ni20YZ and 40Ni20YZ presented the highest and the lowest nickel dispersion (resp.) among all catalysts.
Catalytic Tests
Oxidative Reform of Methane (ORM).
e CH 4 and CO 2 conversion values and the H 2 /CO ratio in the oxidative reform of methane over each catalyst are shown in Figure 7 and Supplementary Figure S5 , respectively. e results show that the optimal nickel content was 20% wt. since the highest reactant conversions were found for the 20Ni20YZ catalyst. In the H 2 -TPR analyzes 100 mg of catalysts, a gas mixture of 1.96% H 2 /Ar ( ow at 30 mL·min −1 ) and a heating rate of 5°C min −1 (from room temperature to 1000°C) were used. Figure 6 : SEM image (×3000) of 40Ni20YZ catalyst before reaction. 6 International Journal of Chemical Engineering e content of 40% wt. of nickel present in the 40Ni20YZ catalyst was too high for the catalyst, leading to catalyst low stability and deactivation during the reaction. e catalyst with 10% wt. of nickel content (10Ni20YZ) showed good stability, but low conversion values. e carbon deposition rates were 0.10 (10Ni20YZ); 0.14 (20Ni20YZ); and 0.39 (40Ni20YZ) mmolC·h −1 . ese results suggest that there was a good distribution of the Ni°active centers on the Y 2 O 3 -ZrO 2 solid solution in the 20Ni20YZ, thus leading to a high conversion of CH 4 , CO 2 , and O 2 into H 2 and CO and to a low carbon deposition rate value (0.14 mmolC·h
µm
−1
). Since it is known that the Y 2 O 3 -ZrO 2 solid solution produce oxygen vacancies, which can help the removal of carbon deposits during the reforming reaction [5, 6, 9, 20] , we suggest that oxygen vacancies of this solid solution may have favored the carbon removal in 20Ni20YZ, in a greater extent. e conversion profile of the 40Ni20YZ catalyst ( Figure 7) shows a continuous fall along the reaction. is decrease is due to the high nickel concentration in this catalyst which led to deactivation. is is expected, since the high nickel content in the 40Ni20YZ catalyst caused sintering of the Ni°particles after the reduction process, as seen in the in situ XRD analysis under reducing conditions with H 2 (see Table 1 ; the 40Ni20YZ catalyst had the largest crystallite size of Ni°, 33 nm). It is known that large Ni°c rystal structures lead to high carbon deposition rates, producing incrustation of carbon on the active metal and causing deactivation of the catalyst-active sites. is may explain the high carbon deposition rates and poor catalytic performance recorded by the 40Ni20YZ catalyst (0.39 mmol·h −1 ). Furthermore, according to the TPR analyses (Figure 3) , this sample has a large proportion of NiO species interacting weakly with the catalytic support that reduced at low temperatures. ese species could be facilitating their sintering.
is was evidenced by the SEM analysis where the 40Ni20YZ catalyst morphology image showed the formation of many agglomerated NiO particles situated around the cube-shaped solids of Y 2 O 3 -ZrO 2 solid solution (see Figure 6 and Supplementary Figure S4) .
As noted in the estimation of the metallic phase dispersion, the 10Ni20YZ catalyst showed the highest metallic dispersion (6.7%) among all samples. is was also suggested by SEM analyzes of this catalyst, where the morphology showed the formation of small NiO agglomerates spaced apart (Figure 4 and Supplementary Figure S2) . However, the 10% Ni content seems to be too low for higher conversion values; this high dispersion favored a good stability during the catalytic reaction.
We suggest that the Y 2 O 3 -ZrO 2 support and the Ni°-active sites are in good proportion in the 20Ni20YZ catalyst, thus leading to high conversion values and a relatively low carbon deposition rate. By analyzing the 20Ni20YZ images obtained by SEM analysis (Figure 5 and Supplementary Figure S3 ), it can be claimed that there was good conformation of the NiO particles on the catalyst support. Furthermore, in this sample, the NiO particles are present as small spheres deposited on the surface of the Y 2 O 3 -ZrO 2 catalytic support (which shows the symmetrical shape-cubes).
is good conformation of the catalytic phase/catalytic support also explains the good catalytic performance of the 20Ni20YZ sample.
After the catalytic tests, traces of water, as a by-product, were collected and they showed the occurrence of the RWGSR reaction (CO 2 + H 2 ←→ CO + H 2 O).
e occurrence of this reaction can explain the fact that the CO 2 conversion is slightly higher than the CH 4 conversions (Supplementary Figure S5 and Figure 7 ). e CO 2 percentages involved in RWGSR (values calculated from the collected water) were 16%, 14%, and 19% for samples 10Ni20YZ, 20Ni20YZ, and 40Ni20YZ, respectively. ese values indicate that the 20Ni20YZ sample showed the lowest water formation value and the best reactant conversion values. Supplementary Figure S6 shows the H 2 /CO molar ratio in the reaction products during oxidative reform of methane over the catalysts. ese values are always lower than 1.2, which is the stoichiometric ratio for this reaction (reaction (3)). e low values of the H 2 /CO molar ratio on 10Ni20YZ and 40Ni20YZ samples are consistent with the low conversion values and high contributions to RWGSR (16% and 19% of the CO 2 in the feed stream, resp.); this reaction uses hydrogen and carbon dioxide molecules to produce water. Figure 8 and Supplementary Figures S7 and S8 show the results of the POM reaction over the catalysts. Figure 8 shows the CH 4 conversion profiles against reaction time; in this figure, it can be seen that the conversion of methane decreased as follows: 40Ni20YZ > 20Ni20YZ > 10Ni20YZ > 20YZ, in other words, with decreasing nickel content. Catalytic activity of sample 40Ni20YZ decreased gradually during the reaction time, demonstrating instability owing to deactivation, probably because of the high nickel content which favors sintering, as seen in characterization results. e carbon deposition rates International Journal of Chemical Engineeringrose monotonically with nickel content on the catalysts 10Ni20YZ, 20Ni20YZ, and 40Ni20YZ; they were 0.08, 0.10, and 0.32 mmol·h −1 , respectively. ese values indicate that 20Ni20YZ showed the best performance in the POM reaction, because it achieved a conversion high rate (Figure 8 ), relatively low carbon deposition, as well as the highest selectivity for hydrogen (Supplementary Figure S7) .
Partial Oxidation of Methane (POM).
e highest H 2 /CO ratios were produced by samples 20Ni20YZ and 10Ni20YZ and were around 1.7, which is nearly stoichiometric. e low H 2 /CO values for 40Ni20YZ are in agreement with the deactivation on this catalyst. e H 2 /CO values above the stoichiometric value (approximately 2) can be due to other reactions occurring in parallel with POM, as will be discussed in the following paragraphs. e presence of H 2 O (traces collected at the end of reaction time) and CO 2 during each catalytic test indicates that the POM occurred through the combustion-reforming mechanism on the catalysts. is mechanism is described by the following reactions [31, 32] :
e global sum of reactions (12) + (1) + 2 × (4) is reaction (2), with a H 2 /CO ratio of 2. Additionally, under the presence of CO 2 and H 2 in the reaction products, the reverse water-gas shift reaction (RWGSR) (7) is very likely to occur; this reaction is favored at high temperature:
e occurrence of the RWGSR and the combustionreforming mechanism explains why the H 2 /CO ratios for all samples were above the stoichiometric value. e selectivity results for H 2 and CO 2 are shown in Supplementary  Figures S7 and S8 , respectively. e selectivity for H 2 and CO followed a trend similar to that of CH 4 conversion, the selectivity for H 2 and CO decreased as follows: 40Ni20YZ > 20Ni20YZ > 10Ni20YZ > 20YZ, and the selectivity for H 2 and CO over sample 40Ni20YZ decreased continuously during the reaction, probably owing to sintering which led to the high amount of coke recorded for this sample.
Samples 10Ni20YZ and 20Ni20YZ reported low CO 2 selectivity; contrarily, 20YZ and 40Ni20YZ samples were the most selective for CO 2 . e trend found in CO 2 selectivity indicates that the catalytic support (20YZ) strongly favors the TCM (reaction (7)); the gradual loss of Ni°-active sites of the 40Ni20YZ catalyst during the POM reaction favored the TCM reaction (expressed by the gradual increase of selectivity to CO 2 ). Probably, the oxygen vacancy formation in the 20YZ support, which activates O 2 molecules (O 2 + active site → O (s) + O (s) ), is favoring the TCM reaction and therefore the production of CO 2 over the 20YZ support.
From the results of the ORM and POM catalytic tests, we suggest that the catalysts 10Ni20YZ, 20Ni20YZ, and 40Ni20YZ have two types of active sites: the first is the Ni°site that dissociates the CH 4 molecules and the second is the Y 2 O 3 -ZrO 2 solid solution (which is known to form oxygen vacancies) that may promote the O 2 and CO 2 molecules [33, 34] .
e SEM image of some catalyst (in a region rich in carbon, according to EDX analysis) after OPM reaction is shown in Figures 9 and 10 . Figure 9 corresponds to 20Ni20YZ (our best catalyst) after POM; according to this image, very few carbon filaments were formed, the morphology of the carbon is mostly amorphous on the surface of the catalyst (the SEM image of sample 20Ni20YZ after ORM is shown in Supplementary Figure S9 , and this image is very similar to the same catalyst after POM). Figure 10 corresponds to 40Ni20YZ after POM; in this case, the carbon was entirely amorphous. e results of the characterization of the spent catalysts suggest that the catalyst synthesized by the OSP method forms graphitic carbon of amorphous morphology. e variation of the nickel charge in the catalyst formulation did not markedly influence the carbon deposit morphology.
e XRD patterns of spent catalysts after 6 h of POM (see Figure S11 , in the Supplementary) showed the formation of graphitic carbon, which is clearly observed (peak at 26°) over 20Ni20YZ and 40Ni20YZ catalysts.
e peak related to graphitic carbon was not observed on the XRD pattern of spent 10Ni20YZ catalyst. Not significant difference was observed for coke by XRD analysis of spent catalysts after ROM.
A long-term stability test was carried out on the best catalyst in the present study (20Ni20YZ), which was tested under POM reaction conditions for 24 hours. e results are included in the Supplementary Figure S10) , where it can be seen that the catalyst maintained its activity for 24 h. A slight continuous decrease in the reactant conversion rates was observed during the reaction, but this seemed to stabilize after 6 hours of reaction, as after this time, the conversion value remained constant at 85%. e coke deposition rate over 24 h was 0.12 mmol·h −1 on 20Ni20YZ, this value being close to that found for the catalytic test over 6 h of reaction.
e stability test of 20Ni20YZ catalyst in ORM was reported previously for us in [5] . 
Conclusions
e production of Syngas from methane through the POM and ORM over the catalysts rose as the Ni content increased, and the optimal nickel content in the NiO/Y 2 O 3 /ZrO 2 mixture prepared under the OSP method was 20% wt. (for both reactions). At this nickel concentration, high selectivity to H 2 and CO, and low carbon deposition rates were reported; curiously the fresh catalyst at this concentration showed the best geometric morphology. Further nickel content led to catalyst deactivation. e characterization of the catalysts demonstrated that the nickel concentration in the mixture influenced the catalyst morphology; therefore, the morphology also influenced the catalytic performances during the Syngas production reactions. e variation of the nickel charge in the formulation of the catalyst influenced the carbon deposition rates, but did not markedly influence the morphology of the carbon deposit.
e OSP method led to production of materials of smaller crystallite size as others of similar composition, but prepared under other methods; additionally, this was advantageous because it was carried out in a single calcination step.
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Supplementary Materials
e supplementary material contains Figure S1 which shows the XRD patterns of the fresh 20YZ support and pure ZrO 2 in the 2θ � 20-40°range (speed 2°min −1 using Cu-K α radiation, λ � 1.5406Å) to complement the XRD discussion of the manuscript. EDX mapping at the regions of SEM image of Figure 4 Figure S2 , Figure S3 , and Figure  S4 , respectively. e conversion of CO 2 and H 2 /CO molar ratio obtained during the catalytic tests in the oxidative reform of methane at 750°C over the catalysts is shown in Figure S5 and Figure S6 , respectively. e selectivity to hydrogen and to carbon dioxide (mol produced/mol of CH 4 converted) obtained during the partial oxidation of methane over the catalysts at 750°C is shown in Figure S7 and Figure  S8 , respectively. SEM image of sample 20Ni20YZ after ORM reaction (×25 000) is shown Figure S9 . Figure S10 shows the stability test of 20Ni20YZ catalysts for OPM reaction. Figure  S11 shows the XRD patterns for spent catalysts after POM reaction. Finally, Figure S12 
